18 F-FDG) combined with computed tomography (CT) represents a three-dimensional imaging method suitable for staging in patients with non-Hodgkin's lymphomas (NHLs). The aim of our prospective multicenter study was to assess the value of initial PET/CT as compared with CT and PET alone for determining the stage and extent of the disease. A total of 122 patients with newly diagnosed NHL were examined using PET/CT. Four patients with resected lymphoma lesion and negative PET/CT were therefore excluded from the study. Of the remaining 118 cases, a total of 117 (99%) were described as 18 F-FDG-avid. When compared with PET/CT, CT and PET showed very good sensitivity of lymph node imaging (97% and 100%, respectively); the specificity, however, was significantly lower (66.7% and 94.4%, respectively; p=0.0001). When detecting organ lesions, the sensitivity of CT and PET was lower than that of PET/CT (92.5% and 96.3%, respectively; p=0.0001); specificity was significantly decreased in CT and a little lower in PET (59.5% and 91.9%; p=0.0001). When compared with CT alone, PET/CT changed staging of the disease in 11 patients (9%) and was able to detect a total of 82 discrepancies in 67 of the 117 patients (57%). In conclusion, PET/CT is a new standard in imaging the involvement of lymph nodes and extranodal organs in NHL patients regardless of their histopathological types. Both sensitivity and specificity of the examination are higher than those of CT as well as PET alone.
Determination of the stage of the disease, size of the tumor mass and extent of the involvement of other organs plays an important role in selecting adequate therapy in all malignant neoplasms. In patients with non-Hodgkin's lymphomas (NHLs), a prototype of highly chemo-and radiosensitive disease, mapping of the extent of the disease is crucial. Data obtained by this process are key to selecting the intensity and length of chemotherapy (immunochemotherapy) or planning the extent of radiotherapy [1, 2] . Individually intensive and prognostically stratified therapy both improves the patients' treatment outcome and survival and lowers the risk of complications and late consequences of the therapy. Precise determination of the disease extent is, however, also important from the point of view of the future evaluation of treatment response, in vast majority of cases based on comparing the disease status prior to initiating and after completing the therapy [3] .
Until recently, the gold standard for imaging the involved nodes and extranodal organs was computed tomography (CT). It is capable of identifying changes in the size and shape of the organ shown and describing structurally different lymphoma lesions in normal tissue with a high precision. But CT cannot reveal whether a non-enlarged lymph node is diffusely infiltrated with lymphoma. To an even larger extent, the same problem is true in detecting diffuse infiltration of extranodal organs [1, 4] . With the prospects of improving the results of CT scans in detecting lymphoma involvement of organs, there has been an effort to introduce "metabolic detection" of lymphoma tissue into routine examinations. Although scintigraphy using the application of the 67 Ga radioisotope which accumulates in lymphoma cells by binding to transferrin receptors improved CT sensitivity and specificity in many cases, it has not been widely used in practice for initial determination of the disease stage [5] . This is because the examination is time consuming and technically demanding, positive findings within the organism are often difficult to interpret precisely and the informative value for the abdominal and retroperitoneal regions is low due to physiological uptake of the radioisotope by the intestinal mucosa and poor accumulation of the substance by the cells of low-grade malignant NHLs.
Only the introduction of positron emission tomography (PET) using a fluorine isotope-labeled glucose analog, 2-[fluorine-18]-fluoro-2-deoxy-D-glucose ( 18 F-FDG), into the process of determining the stage and extent of lymphoma infiltration of the organism brought a significant positive change [1, 5] . The 18 F-FDG PET method makes use of the fact that tumor cells in most NHLs have significantly increased glucose metabolic turnover (increased glycolysis) and, therefore, accumulate the administered 18 F-FDG to a greater extent. Then the sensitive PET system analyzes the metabolic activity of the tissues and helps to decide whether the particular tissue is infiltrated with lymphoma [4] . However, 18 F-FDG is not a solely tumor-specific agent and due to its character, it may be physiologically highly metabolized by certain tissues (brain, cardiac, intestinal) or in the areas of inflammation or other organ damage [6] . To decrease the rates of false-positive results, exact anatomical localizations and correlations with structural images provided by CT scans are used. Therefore, in the recent years, the two modalities have been integrated into a single hybrid PET/CT system capable of precise anatomical and functional localization of pathological lesions, significantly increasing the examination specificity [7, 8] .
Our prospective multicenter study carried out in three hematology and 3 nuclear medicine centers performing PET/CT scans in the Czech Republic studied the benefit of this method in the initial staging of various types of newly diagnosed and untreated NHLs. The primary aim of the work was to make an independent comparison of CT, PET and PET/CT scans. The secondary endpoint was to assess the value of initial PET/CT as compared with CT and other laboratory and clinical data for determining the stage and extent of the disease.
Patients and methods
Between September 2007 and March 2009, a total of 122 patients (55 females and 67 males) with newly diagnosed and untreated NHL were indicated for initial 18 F-FDG PET/CT examination. The median age of the group was 59 years (range; 26 -79 years). In all patients, lymphoma was diagnosed based on two readings of cancer tissue biopsy specimens by two independent pathologists. The second reading was always performed at one of the Czech university departments and the lymphoma specimens were carefully examined immunohistochemically using an antibody panel. In 78 of them, proliferative activity of tumor cells was also assessed using Ki67 antigen expression (clone MIB-1; DakoCytomation Glostrup, Denmark). Staining and scoring were carried out using standard method as previously described [9] . Subsequently, the individual cases were classified according to the WHO Classification of Tumors of Hematopoietic and Lymphoid Tissues. The proportion of individual types of NHLs in the group is shown in Table 1 . The disease was staged according to the Ann Arbor system criteria [1] . To determine the stage of the disease, all the necessary usual examinations were carried out. In all patients, blood count with differential and bone marrow tests were performed. The samples were analyzed histopathologically and immunohistochemically from tissue sampled by trephine biopsy from the iliac blade, or immunocytologically (by flow cytometry) from bone marrow aspirate. The basic imaging method for determining the size and extent of lymphoma was F-FDG and oral administration of a contrast agent and immediately after emptying the urinary bladder by the patient, the PET/CT examination with the Siemens Biograph 16 HI-REZ scanner was initiated. CT scans were carried out after intravenous administration of a nonionic contrast agent, typically from the skull base to the upper third of the thighs with arms upwards. When indicated, the range of scans was modified as needed. The lung region was scanned with patients holding their breath in expiration. This was followed by caudocranial PET scanning with iterative reconstruction of the images. Transmission correction to attenuate gamma radiation was carried out by CT. All CT, PET and PET/CT findings were independently assessed by a radiologist and a nuclear medicine physician. The following groups of lymph nodes were separately assessed in the CT, PET and PET/CT scans: cervical, supraclavicular, axillary, anterior mediastinal, paratracheal, hilar, mesenteric, retroperitoneal, iliac and inguinal. For statistical analysis, the sides were not distinguished in paired groups of nodes. Further, changes in the following organs were studied: the liver, spleen, lung, stomach, intestine, bone, kidney, adrenal, skin, nasal cavity, orbit, brain, spinal cord, thyroid, testis and ovary. If another organ or tissue was involved, it was listed and discussed separately. An abnormal lymph node seen on a CT scan was defined as that with either the long axis exceeding 15 mm or the long axis of 11 -15 mm and the short axis exceeding 10 mm; in the case of an extranodal organ, changes in its pathological and anatomical properties. A PET-positive finding was defined as a visually evaluated lesion with focal or diffuse accumulation of 18 F-FDG higher than that in the background or structures of mediastinal blood pool, respectively.
As in the other similar studies, not all the pathological findings on CT, PET and PET/CT scans were confirmed by histological examination as such an approach would be both ethically and medically unacceptable. In a previously confirmed diagnosis of NHL, the biopsy of a pathological lesion was decided by the attending physician only if there was a suspicion of two synchronous processes in the particular case which had to be clearly verified. If inflammatory, infectious or other neoplastic diseases were ruled out as the cause of 18 F-FDG accumulation, then every nodal or tissue mass with increased utilization of 18 F-FDG was considered to be infiltrated by lymphoma cells. By contrast, bone marrow involvement was only assessed by immunohistological or immunocytological examination of tissue samples as the opinions on the value of potential detection of bone marrow infiltration by 18 F-FDG PET or PET/CT vary significantly. Moreover, the accumulation of 18 F-FDG in bone marrow may be influenced by numerous other factors such as anemia or activation of hematopoiesis induced by paraneoplastic production of certain cytokines. As a reference standard for comparing the sensitivity and specificity of separate CT and PET examinations, a consensually assessed PET/CT examination with known clinical and laboratory data of the patient was used.
The work was designed as a prospective multicenter study approved by the Multicenter Ethical Committee of the Faculty of Medicine and Dentistry and University Hospital Olomouc and carried out in accordance with the updated principles of the Declaration of Helsinki. The patients gave written informed consent to examination and anonymous data analysis.
The obtained data were processed by standard methods of summary statistics. 
Results
A total of 3,172 assessed nodal regions and organs were described independently by 3 ways of imaging (CT, PET and PET/CT scans). That is, a total of 9,516 assessments in 122 included patients were performed. In 119 patients, lymphoma involvement of bone marrow was evaluated (by cytology and histology of bone marrow); in 40 of them (34%), its infiltration by lymphoma cells was confirmed. Forty-seven patients (39%) had B-symptoms (fever, sweats, weight loss) manifested at the disease onset. Stages III and IV were detected in 25 (20%) and 70 (57%) patients, respectively. Three patients with primary nodal diffuse large B-cell lymphoma (DLBCL) had their involved lymph nodes surgically removed and 1 patient with testicular DLBCL had undergone orchiectomy. Since no other PET-positive lesions or significant enlargement of nodes or organs were revealed by their CT scans, they were excluded from further assessment. In 118 patients, utilization of Analysis of the sensitivity and specificity of PET and CT scans alone compared with PET/CT complemented with clinical and laboratory data showed higher sensitivity of PET and PET/CT in comparison with CT in lymph node imaging (Table 1) . However, there was no statistical difference between the sensitivity of PET and PET/CT. More significant differences were found in specificity assessment, with especially CT showing significantly lower values than PET/CT (p=0.001). Even more significant differences were observed in extranodal organ assessment. Here, CT alone was characterized by a sensitivity of 92.5% and a specificity of only 59.9%. The lowest CT sensitivity was noted when pathological bone lesions were visualized (46%), followed by findings in the liver (60%), stomach (73%) and lung (83%) regions. For CT scans, the lower specificity was seen in abnormalities of the lung (89%) and spleen (84%) regions. The sensitivity and specificity of PET examination alone in the extranodal organ regions were 96% and 92%, respectively. When compared with PET/CT results, the sensitivity and specificity values in both separate methods were statistically significantly lower (p=0.0001).
When comparing the findings on PET/CT scans in 117 18 F-FDG-avid patients with CT scans alone, results of bone marrow tests and clinical and other available data, the PET/CT examination result alone led to changes in the stage of the disease in 11 patients (9%). The stages were lowered in 6 patients (5%) and increased in 5 patients (4%). The PET/CT results led to modification in the treatment approach only in 3 of 117 patinets (3%). Table 2 show more detailed data on patients with PET/CT-changed stages of their disease. Further, CT, PET and PET/CT findings were compared in detail in the 11 aforementioned nodal regions in 117 patients. In 15 patients (13%), non-enlarged lymph nodes (according to the CT criteria) were found on PET/CT scans that clearly accumulated the administered 18 F-FDG. Most frequently, these were DLBCL patients (8 cases), followed by those with follicular lymphoma (FL; 5 cases), mantle cell lymphoma (MCL; 1 case) and peripheral T-cell lymphoma (PTL; 1 case). In 19 patients (16%), on the other hand, CT scan showed enlarged nodes that did not accumulate 18 
F-FDG in PET and PET/CT scans (Figure 1). Once again, these were mostly DLBCL patients (8 cases), followed by those with MCL (4 cases), FL (2 cases), SLL (2 cases) and PTCL, marginal zone lymphoma of MALT type (MZL MALT) and mycosis fungoides (MF) (1 case each).
Similarly, organ involvement was analyzed in detail. In 22 patients (19%), PET and PET/CT scans revealed 18 F-FDG PET-positive organ lesions (with focal or diffuse 18 F-FDG accumulation). However, according to the CT criteria, the visualized organ was not enlarged, or it showed no signs of lymphoma infiltration. Those were 10 DLBCL cases, 6 FL patients, 3 patients with PTCL, 2 cases with MCL and one patient with T-cell lymphoblastic lymphoma (T-LBL). In 22 patients (22%), by contrasts, enlarged organs were found on CT scans (most frequently the enlarged spleen) that did not accumulate the administered 18 F-FDG (Fugure 2). These included 11 cases with DLBCL, 5 patients with FL, 3 with MCL, 3 with PTCL, 2 patients with nodal MZL, 1 case with SLL and one with MF. F-FDG accumulation in lymph node or extranodal organ with no enlargement or other structural changes seen on CT scans. On the other hand, in 39 patients (33%), enlarged lymph nodes or extranodal organs were described in CT scans that showed no increase in 18 F-FDG accumulation on PET and PET/CT scans (Figure 3 ). When compared with CT, PET/CT scans detected a total of 34 differences in 33 patients in lymph node imaging. When analyzing changes in extranodal scans, 48 differences in 46 patients (39%) were revealed by PET/CT. Thus, a total of 82 discrepancies between PET/CT and CT were described in 67 (57%) of the 117 studied patients. Thirty patients were diagnosed with DLBCL, 16 with FL, 7 with PTCL, 7 with MCL, 3 with MZL, 2 with SLL, 1 with T-LBL and 1 with MF.
In 2 patients, PET scans revealed a pathological lesion identified as inflammatory using PET/CT and clinical and laboratory data. In 1 patient, a lesion sized 29x24x32mm and accumulating 18 F-FDG was found in segment 1 of the right lung. When the CT scans were carefully examined, the lesion was shown to have rough edges and a radiologist expressed a suspicion of tumor duplicity. This was later confirmed by finding non-small squamous cell lung carcinoma in tissue resected by upper lung lobectomy.
When all 3,172 assessed nodal regions and organs were statistically evaluated in 117 18 F-FDG-avid patients, CT is characterized by 2.6% of false-negative and 5.1% false-positive results when compared with PET/CT in the detection of lymph node involvement; PET is characterized by 0% of false-negative and 0.9% of false-positive results. In the case of extranodal organ involvement, CT showed 5.1% of falsenegative and 12.8% of false-positive results and PET showed 2.6% of false-negative and 2.6% of false-positive results when compared with PET/CT. The number and characteristics of discrepancies in the nodal regions and extranodal organs (false-positive and false-negative results) were not statistically different with respect to the main types of NHLs represented (DLBCL, FL, PTCL; p=0.284 and p=0.678, overall p=0.071). When discrepancies were evaluated in patients based on proliferative activity according to Ki67 (less than 60% and 60% or more), there were no statistically significant differences in the rates of changes between the two groups (p=0.079 and p=0.559, overall p=0.247).
Discussion
Precise determination of the stage of the disease, site of the tumor mass and involvement of individual organs is crucial for assessing the prognostic risk and selecting adequate therapy in NHL patients [1] . Numerous studies have shown that 18 F-FDG PET examination is more sensitive and specific than CT and gallium scintigraphy in determining the lymphomatous involvement of individual tissues and organs [10, 11] . The disadvantage of 18 F-FDG PET examination alone is a worse spatial image of the pathological tissue and its structure when compared with CT. Moreover, 18 F-FDG is not a substance specifically accumulated by tumor tissue only and may be physiologically metabolized by numerous other tissues (brain, cardiac, intestinal) as well as in the areas of inflammation or other organ damage [12, 13] . That is why each 18 F-FDG PETpositive lesion has to be precisely anatomically localized and correlated with a structural image provided by CT examination. The integrated PET/CT method is capable of precise visualization of the structure and localization of a pathological lesion accumulating 18 F-FDG, and of increasing the overall specificity of examination when compared with PET and CT alone. Moreover, CT data are used to correct PET scans for attenuation of the gamma rays by the patient's tissues [7, 8] .
Although hybrid PET/CT systems have been used in many countries for more than 7 years, only few research teams carried out prospective studies to assess the benefit of integrated 18 F-FDG PET/CT examination for determining the stage of the disease and involvement of individual organs in newly diagnosed and untreated patients with NHL. In their studies, Hernandes-Maraver, Tatsumi and Ngeow and their colleagues stated that in a significant proportion of patients with NHL and Hodgkin's lymphoma (HL), PET/CT may change the initial stage of the disease (23%, 17% and 17%, respectively) [14] [15] [16] . This may be extremely important for the patient as based on this information, the physician may adequately alter the intensity of therapy and increase the hope for CR of the disease. The above-mentioned studies as well as others (le Fougere et al., Fueger et al.) confirmed high sensitivity and specificity of PET/CT examination compared with CT and, in indolent lymphomas, also compared with PET examination alone [17, 18] .
In our multicenter, prospective study only 1 SLL patient from 118 assessed ones did not accumulate the administered 18 F-FDG. We know from both the literature and our own experience that in SLL, similarly to chronic lymphocytic leukemia, a significant proportion of cases do not metabolize 18 F-FDG to a larger extent [19] . In the other patients, 18 F-FDG avidity was demonstrated in all cases, regardless of the histological type of NHL. Especially in patients with PTCL and MZL, our data are different from some previously published studies. Elstrom et al. reported sensitivity of 18 F-FDG PET examination in 67% of cases in MZL patients and in only 40% of PTCL patients [20] . In the case of PTCL, however, recent information supports the findings in our cohort, with low 18 F-FDG PET sensitivity (13 -50%) only in skin T-cell lymphomas or PTCL skin lesions [21] . As for MZL, the latest findings suggest that 18 F-FDG PET sensitivity in nodal MZL is higher than in other forms arising from the mucosa, in particular gastric mucosa. At the same time, the sensitivity of the examination is higher in more advanced stages of the disease. However, even in this case, the published data are not completely consistent [22, 23] .
For further analysis, the cohort was reduced to 117 patients whose lymphoma tissue accumulated 18 F-FDG to a larger extent. Generally, the cohort was characterized by a relatively high proportion of advanced stages of the disease, typically in MCL, PTCL, nodal MZL and FL. We consider this one of the reasons for a lower frequency of changes in staging based on PET/CT (9%) when compared with other cohorts, mostly describing patients with DLBCL and HL [14, 15, 24] . In agreement with the literature, 13% of patients were shown to clearly accumulate the administered 18 F-FDG in the lymph nodes not considered infiltrated with NHL according to CT criteria [15, 25] . The number of findings was even higher in the cases of extranodal organ involvement, with 19% of patients having a demonstrated accumulation of 18 F-FDG in organs with no changes in the structure or size shown by CT. The discrepancies in our cohort are consistent with repeatedly published data [26, 27] . A higher sensitivity of 18 F-FDG PET and PET/CT when compared with CT is currently a clearly demonstrated and widely accepted fact. Studies using PET/CT scans showed that the technique allows precise localization and characterization of even small pathological lesions despite the fact that the sensitivity of PET/CT is not much higher than that of PET [17] .
On the other hand, in 16% of patients, enlarged lymph nodes shown in CT scans did not accumulate 18 F-FDG and 22% of patients were found to have clinically significantly morphologically abnormal extranodal organs with no pathological metabolism of the administered substance. Regardless of the type of discrepancy, a higher overall percentage of changes were found in imaging extranodal organs than in lymph nodes. When identifying the types of NHLs in which the discrepancies were found, no significant differences were found in the frequency of changes in the individual histopathological groups of lymphomas or in the group of lymphomas with the Ki67 proliferative activity of less than 60% or 60% and more. Even though this led to changes in staging in only 9% of patients and to modification in the treatment approach only in 3% patients in our cohort, it is important for further approach to patients. In particular if vital organs are involved (the liver, kidneys, bones), such findings may result in adopting many preventive measures to decrease the risk of potential complications of both the disease itself and the administered anti-tumor therapy. This type of information is even more valuable for further follow-up of the patient. The comparison of initial 18 F-FDG PET/CT examination with early findings in the course of treatment and especially the final examination after completed therapy may significantly influence the assessment of the patient's treatment response. This is because many changes may occur in the patient's organism during therapy (inflammation, necrosis, hyperplasia of organs). These make the final interpretation of 18 F-FDG PET/CT difficult and without comparison with the initial examination may lead to misinterpretation and inaccurate assessment of the response of lymphoma to the administered therapy [28, 29] . Moreover, initial 18 F-FDG PET/CT examination may reveal clinically significant and unexpected other findings that may require modification of the therapeutic approach. In our cohort, two patients were found to have a clinically asymptomatic inflammatory lesion and one patient had second primary neoplasm (FL and lung carcinoma). As stated in the previous section, 18 F-FDG PET/CT evaluation of bone marrow involvement was not separately analyzed and the standard methods were biopsy and histopathological examination of tissues (aspiration and immunocytological analysis in some cases). Data on the sensitivity and specificity of 18 F-FDG PET/CT in the detection of bone marrow involvement are markedly different in individual studies [30, 31] . Given the aforementioned findings and the fact that various types of NHLs were evaluated in our cohort, the results might be adversely affected if further detailed analyses were not performed. We plan to evaluate the benefit of 18 F-FDG PET/CT in the assessment of bone marrow infiltration with lymphoma cells should in a separate study.
In conclusion, 18 F-FDG PET/CT examination is becoming a new standard in determining the extent and stage of the disease in patients with NHL. Its sensitivity is significantly higher than that of conventional radiological imaging methods (CT). In particular, the sensitivity of detecting the involvement of extranodal organs by lymphoma has improved significantly thanks to its use. Our prospective multicenter study confirmed the applicability and practical value of the 18 F-FDG PET/CT method as initial imaging examination in the vast majority of NHL types. When comparing CT and 18 F-FDG PET/CT scans, we found a significant number of variations in 57% of the studied patients. Although the findings changed staging of the disease in only 9% of patients and led to a modification in the treatment approach only in 3% patients, we consider them clinically very valuable especially from the point of future assessment of the therapeutic response in patients with NHL.
